Introduction
Magnetic nanoparticles (NPs) have many interesting biomedical applications. [1] [2] [3] [4] [5] They have been used as contrast agents for magnetic resonance (MR) imaging and colloidal mediators for magnetic hyperthermia of cancer. [6] One major issue related to cancer applications of NPs is the lack of specific binding of NPs to cancer cells. In order to achieve the specific targeting of cancer cells, various proteins such as transferrin, [7] [8] [9] [10] herceptin, [11, 12] and chlorotoxin [13] have been conjugated onto iron oxide NP surfaces. The applied protein ligands display inherent immunogenecity. The specific ligand-receptor or antibody-antigen interaction occurs on the cell membrane, thereby limiting the intracellular uptake of conjugated NPs. [11, 12] It is believed that these disadvantages can be overcome by using a small molecular weight ligand linked to iron oxide NPs. Several groups have investigated the conjugation of folic acid (FA) onto iron oxide NPs for targeting cancer cells. [14] [15] [16] The conjugation methods employed have involved complicated multi-step synthesis and modification procedures. In most cases, this has made it difficult to simultaneously couple other molecules onto iron oxide NP surfaces to achieve multifunctionalities. Therefore, the fabrication of targeted iron oxide NPs that also have conjugated drug or imaging molecules remains a challenge. One approach relevant to NP surface modifications is the electrostatic layer-by-layer self-assembly technique [17] [18] [19] that allows the creation of ultra-thin functional films on NP surfaces. [20] [21] [22] [23] [24] The biofunctionality of the NPs is able to be tuned by deposition of functional polyelectrolytes or biomacromolecules on the NP surfaces. [25, 26] For example, Wang et al constructed CdTe quantum dot/polyelectrolyte (PE) multilayers onto polystyrene microparticles, followed by an assembly of an outermost layer of anti-immunoglobulin for subsequent immunosensing. [25] Caruso and co-workers demonstrated that the biotin-functionalized Au NP/polyelectrolyte-coated latexes terminated by FI-anti-biotin IgG can be used for homogeneous, competitive fluorescence quenching immunoassay of biotin molecules. [26] In another recent work of the same group, it is shown that multilayered sub-micrometer sized polystyrene particles modified with a humanized A33 monoclonal antibody can specifically target A33 antigen-expressing LIM1215 colorectal cancer cells. [27] We demonstrated a unique approach that combines a layer-by-layer (LbL) self-assembly method with dendrimer chemistry to functionalize Fe 3 
Results and Discussion

Characterization of Functionalized Iron Oxide Nanoparticles
The magnetic iron oxide ( NPs with the bilayer coating and acetylation reaction are colloidally stable in aqueous solution as well as in cell culture medium for at least 6 months at concentrations up to 10 mg mL -1 . The selection of the bilayer coating in this study is to demonstrate a concept that the LbL assembly combined with dendrimer chemistry can be used to functionalize preformed NPs. We also think that several layers' coating with the outermost dendrimer layer may be applicable for improving the mechanical stability of the particles for in vivo studies. However, more layers' coating may increase the risk of weakening the colloidal stability of the particles. It is worthwhile to note that the approach combining the LbL assembly method with dendrimer chemistry is essential to make the iron oxide NPs functional biologically. It is known that carboxyl-terminated PAMAM dendrimers can be self-assembled onto iron oxide nanoparticle surfaces. [34, 35] (Fig. 2a) shows that, after the bilayer self-assembly and chemical functionalization, the particles display similar morphology to the ones before self-assembly (Fig. S4, Supporting Information) . The aggregated nanoparticles shown in the TEM image 
Cytotoxicity Assay
The cytotoxicity of the functionalized 
Flow Cytometry
The FA and the dye FI modified onto the G5 dendrimer surface were used as a targeting ligand and an imaging molecule, respectively. This affords the functionalized Fe 3 O 4 NPs with both targeting and imaging functionalities. Folic acid receptor (FAR) is well known to be overexpressed in several human carcinomas including breast, ovary, endometrium, kidney, lung, head and neck, brain, and myeloid cancers. [36] [37] [38] In this study, [41, 42] and the diameter of the pancake shape does not change significantly, compared with that of dendrimers in solution; (3) the PSS polymer layer thickness is 2 nm; [43] and (4) 
Confocal Microscopy Observations
The self-assembly of G5.NHAc-FI-FA dendrimers onto (Fig. 4a and b) . The confocal imaging data suggest that the intracellular uptake of Fe 3 O 4 /PSS/ G5.NHAc-FI-FA NPs into KB-HFAR cells is through the FAR-mediated endocytosis.
Transmission Electron Microscopy (TEM) Imaging
The specific intracellular uptake of FA-modified (Fig. 5a  and b) , whereas the lyosomes and the nucleus do not show any uptake of Fe 3 O 4 /PSS/G5.NHAc-FI-FA NPs. In contrast, we did not observe any significant uptake of Fe 3 O 4 /PSS/ G5.NHAc-FI NPs without FA modification (Fig. 5c) . There was only minimal uptake of Fe 3 O 4 /PSS/G5.NHAc-FI NPs randomly distributed in the vacuoles of some cells (Fig. S7 , Supporting Information), which was undetectable using confocal microscopy. This minimal uptake might be related to diffusion- In the T2-weighted spin-echo MR images (the color change from red to purple indicates the gradual decrease of MR signal intensity, which is similar to those reported based on the intensity of black color. [11, 12] ) obtained using an Fe concentration of 11.3 lg mL 
Conclusions
In summary, flow cytometry, confocal microscopy, TEM, and MR imaging studies all demonstrated that Fe 3 O 4 /PSS/ G5.NHAc-FI-FA NPs specifically bind to KB-HFAR cells. In contrast, Fe 3 O 4 /PSS/G5.NHAc-FI NPs that lack surface FA moieties did not display binding to the KB cells, suggesting that the binding was mediated by the FAR. The approach to functionalizing Fe 3 O 4 NPs using LbL self-assembly and dendrimer chemistry may be applicable for various NPs and targeting ligands (e.g., sugars, peptides, hormones and the like), thereby providing a general strategy to fabricating various NPs for a range of biological sensing and therapeutics applications. For in vivo applications, the stability of the fabricated Fe 3 O 4 NPs may need to be further improved by increasing the polymer layer thickness, which can be achieved by increasing the number of polymer layers via the LbL self-assembly technique. In addition, the mechanical stability of the polymer coating may also need to be improved through shell cross-linking. These experiments and improvements are currently being developed in our lab, and should provide a truly unique approach to functionalized NPs.
Experimental
Materials: Ethylenediamine core amine-terminated PAMAM dendrimers of generation 5 (G5.NH 2 ) with a polydispersity index less than 1.08 were purchased from Dendritech (Midland, MI NPs was carried out in a three-neck round-bottom flask. The above mixture solution was added to 250 mL of 0.5 M NaOH, which was preheated to 80°C before the co-precipitation reaction. The reaction was protected under N 2 atmosphere and was vigorously stirred. Black powder was collected by sedimentation with the help of an external magnetic field and washed several times with water until stable ferrofluid was obtained. Finally, the particles were redispersed in water.
Synthesis of FI-and FA-Functionalized Dendrimers:
Amine-terminated G5 dendrimer (G5.NH 2 ) was conjugated with FI or both FI and FA moieties, according to previously published reports [29, 46, 47] . Briefly, G5.NH 2 (60 mg, 0.00225301 mmol) was dissolved in anhydrous DMSO (24 mL). To the above solution was added dropwise a solution of FI (4.4 mg, 0.00563275 mmol) in DMSO (24 mL) under vigorous stirring at room temperature. The reaction was stopped after 24 h. The mixture was dialyzed against PBS buffer (3 times 4 l) and water (3 times 4 l) for 3 days through a 10 000 MWCO membrane. Lyophilization gave G5.NH 2 -FI as an orange solid (60.6 mg, yield 94.0 %).
For the synthesis of G5.NH 2 -FI-FA, FA (3.7 mg, 0.0084004 mmol) and EDC (9.3 mg, 0.021001 mmol) were dissolved in DMSO (3 mL) and the mixture was stirred at room temperature for 3 h to activate the c-carboxylic acid of FA. The resulting solution was added dropwise to a solution of G5.NH 2 -FI (30 mg, 0.0010501 mmol) in DMSO (12 mL) under vigorous stirring at room temperature. After 3 days, the reaction mixture was dialyzed through a 10 000 MWCO membrane against PBS buffer (3 times 4 l) and water (3 times 4 l) for 3 days, followed by lyophilization to give G5.NH 2 -FI-FA (31.2 mg, yield 96.4 %). The G5.NH 2 -FI and G5.NH 2 -FI-FA conjugates were characterized by 1 H NMR, matrix-assisted laser desorption ionization-time of flight (MAL-DI-TOF) mass spectrometry, and UV-vis spectrometry (Supporting Information, Figs. S1-3) [29, 46] . The numbers of FI and FA moieties conjugated onto each G5 dendrimer were estimated by comparing the differences between the integration values of 1 H NMR signals associated with dendrimers and the FI and FA moieties. The average numbers of FI and FA moieties conjugated onto each G5 dendrimer were estimated to be 4.5 and 4.8, respectively. The molecular weights of G5.NH 2 -FI and G5.NH 2 -FI-FA conjugates were determined to be 29 564 and 33 484, respectively.
Fabrication of Multifunctional Dendrimer-Functionalized Iron Oxide NPs:
The LbL assembly of oppositely charged PSS and dendrimers was performed according to the literature [20, 23, 48, 49] . Briefly, a solution of Fe 3 O 4 NPs (5 mg in 0.5 mL water) was added with 1 mL of a PSS solution (2 mg mL -1 , containing 0.5 M NaCl) with occasional shaking. After adsorption of PSS for 20 min, the suspension was centrifuged at 8000 rpm for 10 min. The supernatant was then carefully removed, and the coated Fe 3 O 4 NPs were washed by three alternate cycles of centrifuging and resuspending the particles in pure water. 
FULL PAPER
G5.NH 2 -FI-FA solution (1 mg mL -1 , containing 0.5 M NaCl) was added into the PSS-modified Fe 3 O 4 NP suspension and purified in the same manner. The PSS/G5.NH 2 -FI-FA-coated Fe 3 O 4 NPs were subjected to an acetylation reaction to neutralize the remaining amine groups of G5.NH 2 -FI-FA dendrimers, using a procedure described elsewhere [50] . In brief, the 1 H NMR spectra of dendrimers were recorded on a Bruker DRX 500 nuclear magnetic resonance spectrometer. Samples were dissolved in D 2 O before NMR measurements. UV-vis spectra of dendrimers were collected using a Perkin Elmer Lambda 20 UV-vis Spectrometer. All samples were dissolved in water at the concentration of 1 mg mL -1 . MALDI-TOF mass spectra were acquired using a Micromass TofSpec-2E spectrometer (Beverly, MA) according to a procedure described in our previous report [51] . The iron concentration of Fe 3 O 4 NPs before and after surface modification was determined by an atomic absorption spectrometer (AA903, ARL). A defined volume of the NPs were digested in 1.0 M nitric acid before measurements. The surface potential of functionalized Fe 3 O 4 NPs was measured by a Malvern Zetasizer Nano ZS model ZEN3600 (Worcestershire, UK) equipped with a standard 633 nm laser. The size and morphology of Fe 3 O 4 NPs were characterized by a Philips CM-100 TEM equipped with a Hamamatsu Digital Camera ORCA-HR operated using AMT software (Advanced Microscopy Techniques Corp, Danver, MA). The operation voltage was kept at 60 kV. TEM samples were prepared by deposition of a diluted particle suspension (5 lL) onto a carbon-coated copper grid and air-dried before the measurement. Stained specimens were prepared by depositing the sample solutions on the grid and inverting the grid on a drop of aqueous phosphotungstic acid solution that had been neutralized with NaOH (2 % mass fraction of phosphotungstic acid). The grid was then blotted on filter paper and air-dried. The size distribution histogram of Fe 3 O 4 NPs was measured using ImageJ software (http://rsb.info.nih.gov/ij/download.html). For each sample, 300 nanoparticles were randomly selected to analyze the size.
KB Cell Culture: The KB cells were continuously grown in two 24-well plates, one in FA-free media and the other in regular RPMI 1640 medium supplemented with penicillin (100 units mL -1 ), streptomycin (100 lg mL Confocal Laser Scanning Microscopy: Confocal microscopic analysis was performed in cells plated on a plastic cover-slip using an Olympus FluoView 500 laser scanning confocal microscope (Melville, NY). FI fluorescence was excited with a 488 nm argon blue laser and emission was measured through a 505-525 barrier filter. The optical section thickness was set at 5 lm. The KB-HFAR cells were incubated with Fe 3 O 4 /PSS/G5.NHAc-FI or Fe 3 O 4 /PSS/G5.NHAc-FI-FA NPs for 2 h at 37°C. Then the cells were washed with PBS. The nuclei were counterstained with 1 lg mL -1 of Hoescht33342, using a standard procedure. Samples were scanned on an Olympus IX-71 inverted microscope, using a 60× water immersion objective and magnified with FluoView software.
Transmission Electron Microscopy (TEM):
The uptake of functionalized Fe 3 O 4 NPs was further examined by a Phillips CM 100 TEM microscope operating at a voltage of 60 kV. Images were recorded using a Hamamatsu digital camera controlled by AMT (advance microscopy technology) software. The KB-HFAR cells were incubated with Fe 3 O 4 / PSS/G5.NHAc-FI or Fe 3 O 4 /PSS/G5.NHAc-FI-FA NPs for 2 h at 37°C. The medium was then removed and the cells were washed with Sorenson buffer and fixed at room temperature for 1 h using 2.5 % of glutaraldehyde in Sorenson buffer. The cells were rinsed 3 times with Sorenson buffer, resuspended in the same medium, and post-fixed using 1.0 % osmium tetroxide for 1 h. After additional washing in buffer, the cells were dehydrated in a series of ethanol solutions of 30 %, 50 %, 70 %, 95 %, and 100 %. Samples were further infiltrated using the following sequence of mixtures of 100 % ethanol and Epon: 3 parts of ethanol + 1 part resin (for 1 h), 1 part of ethanol + 1 part resin (for 1 h), 1 part of ethanol + 3 parts resin (overnight), full-strength resin (4 h), and full-strength resin (overnight). After the third change of resin, polymerization was performed and sections with a thickness of 75 nm were obtained using a Reichart Ultramicrotom. Sections were mounted on 200 mesh copper grids before TEM measurements.
In Vitro MR Relaxometry and Imaging: 5 × 10 6 KB-HFAR cells were incubated with Fe 3 O 4 /PSS/G5.NHAc-FI and Fe 3 O 4 /PSS/G5.NHAc-FI-FA NPs with Fe concentrations of 11.3, 22.5, and 45 lg mL -1 for 30 min in an ice bath. Live cells are usually cultured with a complete medium at 37°C. For the MRI studies, live cells were trypsinized and suspended in PBS (instead of cell culture medium) and incubated with NPs. Live cells in PBS have a higher viability at 4°C or in an ice bath than at room temperature, so we incubated cells with NPs in an ice bath. The cells were then washed with PBS buffer three times. The cells were centrifuged to prepare pellets for MR imaging. Studies were performed with a 2.0 T Varian Unity/Inova system (Palo Alto, CA) using homebuilt RF coils. One hundred microliters of PBS was added to each cell pellet, and the cells were suspended by gentle shaking. T1 and T2 of the cell suspensions were measured in each sample vial with inversion recovery and CPMG pulse sequences, respectively. The cells were then allowed to settle and a phantom was constructed consisting of all of the sample vials. A spin-echo image (TR/TE 2000/8 ms) with a 2.0 mmslice thickness and an in-plane resolution of 0.312 mm was acquired through the plane of the cells.
